is a prokaryotic RNA-guided DNA endonuclease that binds substrates tightly in vitro but 29 turns over rapidly when used to manipulate genomes in eukaryotic cells. Little is known about 30 the factors responsible for dislodging Cas9 or how they influence genome engineering. Using a 31 proximity labeling system for unbiased detection of transient protein interactions in cell-free 32 Xenopus laevis egg extract, we identified the dimeric histone chaperone FACT as an interactor 33 of substrate-bound Cas9. Immunodepletion of FACT subunits from extract potently inhibits Cas9 34 unloading and converts Cas9's activity from multi-turnover to single-turnover. In human cells, 35 depletion of FACT delays genome editing and alters the balance between indel formation and 36 homology directed repair. Depletion of FACT also increases epigenetic marking by dCas9-37 based transcriptional effectors with concomitant enhancement of transcriptional modulation. 38 FACT thus shapes the intrinsic cellular response to Cas9-based genome manipulation most 39 likely by determining Cas9 residence times.
Introduction

54
Cas9 is a Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-associated 55 a dCas9 RNP to equilibrate in buffer with a plasmid containing a single on-target site and then 156 incubated this RNP-plasmid complex with buffer alone, HSS containing an ATP-regenerating unbound to the genomic target has complicated its use at non-repetitive loci. We reasoned that 181 the ability to form a defined Cas9-BirA* RNP-DNA or dCas9-BirA* RNP-DNA species in HSS 182 could enable identification of Cas9 and dCas9 removal factors.
184
We expressed and purified recombinant Cas9-BirA* and dCas9-BirA* in and from bacterial cells 185 (Data S1 and Supplemental Figure 1A ). The fused biotin ligase neither compromised Cas9's 186 nuclease activity nor hindered rapid dislodging of dCas9 in HSS (Supplemental Figures 1B and 187 1C) . We programmed Cas9-BirA* with an on-target gRNA, dCas9-BirA* with the same on-target 188 gRNA, or dCas9-BirA* with a non-targeting (NT) gRNA. We added a ten-fold molar excess of 189 plasmid substrate relative to each RNP in buffer and then added this mixture to HSS containing 190 ARS and biotin (Figure 2A ). Streptavidin pulldown and label-free proteomic mass spectrometry 191 (Wuhr et al., 2014) identified biotinylated X. laevis proteins that were specifically enriched by 
198
Three major sets of DNA-bound Cas9 interactors were apparent by comparing the on-target al., 2010). The ability of H/ACA-associated proteins to interact with unique RNA secondary 207 structures and preserve genomic integrity could imply roles in the cellular response to Cas9 208 binding. However, PIP4K2C and H/ACA proteins are not known to destabilize protein-DNA 209 interactions and thus were not top candidates for being the Cas9 release factors in HSS.
211
The FACT complex is a histone chaperone with established roles in nucleosome assembly and 212 remodeling and thus represented an attractive candidate to mediate Cas9 removal in HSS.
213
FACT is a heterodimer consisting of SPT16 and SSRP1, both of which were strongly enriched 214 by proximity biotinylation and unbiased proteomics. FACT promotes chromosomal transactions 215 by removing the H2A-H2B dimer specifically or generally weakening histone contacts within 216 chromatin (Okuhara et al., 1999; Orphanides et al., 1998; Winkler and Luger, 2011) . Individual 217 testing by Streptavidin pulldown and Western blotting confirmed that binding of dCas9-BirA* to a 218 plasmid leads to increased biotinylation of SSRP1 and SPT16 ( Figure 2C ).
220
To determine whether FACT is responsible for Cas9 removal, we immunodepleted either 221 SSRP1 or SPT16 from HSS (Supplemental Figure 2B ). In the single-turnover competition 222 assay, immunodepletion of either FACT component was sufficient to prevent even a 10-fold 223 excess of Cas9 from accessing a DNA target that was pre-bound by dCas9 ( Figure 2D ). Add-outcomes via amplicon next generation sequencing (amplicon-NGS) after FACT knockdown 233 . Transfection of siRNAs to deplete SPT16 led to a concomitant 234 reduction in SSRP1 levels (Supplemental Figure 3A ) consistent with prior reports that levels of 235 the two FACT subunits are interdependent (Safina et al., 2013) . Sixty hours after transfecting 236 K562 cells with either NT or SPT16 siRNAs, we electroporated separate cultures of cells with 237 Cas9 RNPs targeted to eight different loci, including a non-transcribed gene desert. For each 238 locus, we performed editing reactions with and without a matched single-stranded 239 oligodeoxynucleotide (ssODN) HDR donor that programs a PAM mutation at the appropriate 240 locus.
242
Knockdown of FACT did not significantly alter indel frequencies measured after 48 hours in the 243 absence of an HDR donor (Supplemental Figure 3B ). Consistent with previous reports 244 (Richardson et al., 2016a) , inclusion of an ssODN donor increased total editing (indels plus 245 HDR) (Supplemental Figure 3C ). This increase in editing was consistent across all eight gRNAs 246 tested and rescued otherwise relatively ineffective gRNAs.
248
In the presence an ssODN, siRNA-mediated depletion of SPT16 did not affect total editing 249 frequencies relative to the NT siRNA control 48 hours after Cas9 RNP electroporation 250 (Supplemental Figure 3D ). However, a time course of editing rates at one site (VEGFA) 251 (Supplemental Figure 3E ) revealed that SPT16 knockdown significantly impeded the rate of 252 HDR ( Figure 3A ). HDR levels for SPT16-depleted cells was approximately 50% of that in NT 253 siRNA-treated cells 12 hours after electroporation of Cas9 RNPs ( Figure 3A ). Indels in SPT16-254 depleted cells were somewhat reduced at early timepoints but caught up to that of NT siRNA-255 treated cells within 24 hours ( Figure 3B ). Measurements taken 48 hours after electroporation 256 indicate that SPT16 knockdown ultimately increased indel frequencies and concomitantly tested, we observed no marked difference in the effect of SPT16 knockdown on gRNAs that 259 targeted the coding or non-coding strand (Figure 3C and 3D) . While knockdown of SPT16 did 260 not alter the relative abundance of the six most common edited alleles for a CD59 locus, 261 depletion of FACT altered their absolute frequencies and the relative abundance of several 262 alleles each comprising less than 1% of all editing outcomes ( Figure 3E ). We found similar 263 conservation of the most frequent allele but re-ordering of minor alleles after editing the VEGFA 264 locus (Supplemental Figure 3F ). to a target site. We asked whether FACT influences the deposition of chromatin marks by these 270 tools. We examined two different dCas9-based modifiers. The histone acetyltransferase p300 271 directly deposits H3K27ac marks on chromatin to upregulate transcription and has been 272 deployed for CRISPR activation (CRISPRa) (Hilton et al., 2015) . The Krüppel-associated box 273 (KRAB) domain is a transcriptional repressor that recruits other factors to methylate histones 274 and has been used for CRISPR interference (CRISPRi) (Gilbert et al., 2013) .
266
Knockdown of FACT Increases Epigenetic Marking and Transcriptional Phenotypes from
276
We began by interrogating the role of FACT in dCas9-based histone acetylation. We generated primers (Supplemental Table 5 ) that amplified either a region upstream ( Figure 4A ) or inclusive 285 (Supplemental Figure 4B ) of the protospacer. Knockdown of SPT16 did not increase basal 286 histone acetylation when dCas9-p300 was paired with a NT gRNA ( Figure 4A and Supplemental 287 Figure 4B ).
289
We used a similar approach to interrogate the role of FACT in dCas9-based histone methylation 290 with K562 cells stably expressing dCas9-KRAB. We took advantage of conveniently located 291 PAMs to target dCas9-KRAB to either the coding or non-coding strand of an identical location at 292 the CD55 TSS (Supplemental Figure 4C ). CD55 is a ubiquitously and highly expressed gene 293 (Uhlen et al., 2015) that encodes a cell surface glycoprotein involved in the complement system.
294
Transfection of SPT16 siRNAs increased levels of H3K9 methylation when dCas9-KRAB was 295 targeted to either the coding or non-coding strand ( Figure 4B , Supplemental Figure 4D , and 296 Supplemental Table 5 ). Knockdown of SPT16 did not increase basal histone methylation when 297 dCas9-KRAB was paired with a NT gRNA ( Figure 4B and Supplemental Figure 4D ).
299
We asked whether increased epigenetic marking by dCas9-based effectors during knockdown 300 of FACT translates into increased transcriptional phenotypes. Targeting dCas9-p300 to the 301 CD25 TSS with gRNAs at varying distances from the TSS (Supplemental Table 2 ) generated 302 cell populations that were between 12% and 95% CD25-positive, but knockdown of SPT16 did 303 not further increase CD25 expression for any gRNA tested (Supplemental Figure 5A and 304 Supplemental Figure 6 ).
306
Targeting dCas9-KRAB to the CD55 TSS with gRNAs at varying distances from the TSS 307 (Supplemental Table 2 ) generated cell populations that were between 8% and 77% CD55- 
355
Conversely, experiments inducing adjacent Cas9 breaks or modulating DNA repair with non-356 homologous single-stranded DNA implied that cells invoke error-free repair pathways that 357 enable repeated rounds of Cas9 binding and eviction preceding eventual end-point mutation 358 (Guo et al., 2018; Richardson et al., 2016a) . We found that knockdown of FACT reduces Cas9-359 induced HDR and increases indels. NHEJ is a relatively fast process, relying on pathways that 360 operate independent of the cell cycle. HDR alleles instead rely on slower pathways that depend 2018). Our data could imply that the slow appearance of HDR during Cas9 editing requires 363 multiple rounds of Cas9 cleavage and turnover. In this scenario, knockdown of FACT could 364 reduce the number of "shots on goal" available to the slower process of HDR, leaving cells to 365 repair the break with a default error-prone pathway. However, we note that histone chaperones 366 and chromatin remodelers can also directly influence DNA repair through multiple mechanisms 367 such as increasing accessibility of the lesion to repair factors and promoting end-resection 368 (Aleksandrov et al., 2018; Ayrapetov et al., 2014; Gospodinov et al., 2011; Lademann et al., 369 2017; Lans et al., 2012; Piquet et al., 2018; Price and D'Andrea, 2013) . Hence, it is still unclear 370 whether Cas9 owes its genome editing prowess to single-turnover or multi-turnover kinetics.
372
While Cas9 unloading within X. laevis egg extracts is ATP-dependent, FACT activity is ATP-373 independent (Orphanides et al., 1998) . Notably, we found that depletion of ATP or 374 immunodepletion of FACT are both sufficient to abrogate the multi-turnover behavior of Cas9 in 375 Xenopus extract. It is possible that egg extracts actively recruit FACT to DNA-bound Cas9 and 376 dCas9 in an ATP-dependent manner. We note that the most enriched factor in our proteomics 377 data set is the lipid kinase PIP4K2C, and recent work has revealed that phosphoinositides 
400
suggesting that dCas9 is not a roadblock to human RNA polymerases. We found that depleting 401 FACT increased epigenetic marking and CRISPRi phenotypes for both coding and non-coding 402 gRNAs across multiple loci. Notably, we also found that depleting FACT was insufficient to turn 
588
gRNAs are labeled as in Figure 4D . 
711
Beads were washed once with 1 ml of 0.1% sodium deoxycholate, 1% Triton X-100, 500 mM 712 NaCl, 1 mM EDTA, and 50 mM HEPES, pH 7.5, once with 1 ml of 250 mM LiCl, 0.5% NP-40, 713 0.5% sodium deoxycholate, 1 mM EDTA, 10 mM Tris, pH 8.1, and twice with 1 ml of 50 mM were incubated with mixing at 37°C for 4 hours after which the supernatant was collected and 718 transferred to a new tube. Beads were washed again with 50 µl of 50 mM ammonium 719 bicarbonate, and supernatants were pooled. 2 µl of formic acid (Fisher Scientific) was added to 720 acidify the samples to a pH of ~3.0. Samples were then spun down to dryness in a speedvac 
795
Cell pellets were lysed after thawing on ice by incubation first in 10 ml of 50 mM HEPES, 140 796 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, and Halt TM Protease 797 Inhibitors at 4°C for 10 min. Samples were spun down, the supernatant was aspirated, and the 798 pellet was resuspended in 10 ml of 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Tris, and
799
Halt TM Protease Inhibitors at 4°C for 10 min. Samples were spun down again, the supernatant 800 was aspirated, and the pellets were resuspended in 900 µl of 10 mM Tris, 1 mM EDTA, 0.5 mM 801 EGTA, 100 mM NaCl, 0.1% sodium deoxycholate, 0.5% sarcosine, and Halt TM Protease
802
Inhibitors. Resuspended samples were sonicated with a Sartorius probe sonicator with three 1-803 minute intervals with an amplitude of 70% and a cycle of 0.9. Sonicated samples were added to 804 5.1 ml of 10 mM Tris, 1 mM EDTA, 0.5 mM EGTA, 100 mM NaCl, 0.1% sodium deoxycholate, Table 4 ). PCR products were SPRI cleaned, and 25 ng of SPRI-cleaned 848 amplicons were amplified again using primer pairs from primer set 2 (Supplemental Table 4 
